Abstract-Conventional metal exposure assessment in terrestrial mammals is generally based on organ analyses of sacrificed animals. Few studies on mammals use nondestructive methodologies despite the growing ethical concern over the use of destructive sampling. Nondestructive methods involve minimal stress to populations and permit successive biomonitoring of the same populations and individuals. In the present study we assessed metal exposure of hedgehogs (Erinaceus europaeus) by investigating relationships between concentrations of metals (Ag, Al, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn) and As in soil samples and in hair and spines of hedgehogs. Samples were collected in seven study sites along a metal pollution gradient, characterized by decreasing total soil Ag, As, Cd, Cu, Ni, and Pb concentrations with increasing distance from a nonferrous metallurgic factory. For a number of elements, soil contamination was related both to distance to the smelter and to habitat. Soil concentrations were positively related to levels in hair and spines for Ag, As, Cd, and Pb and thus to hedgehog exposure. Metal concentrations in soil did not relate to metal concentrations in hair and spines for essential elements (e.g., Cu, Fe, Mn, Ni, and Zn), except Co in hair and soil. Our results demonstrate that, at least for nonessential elements, concentrations in soils can be used to predict contamination of these elements in hedgehogs or vice versa. Furthermore, hedgehog exposure increased toward the smelter and was higher for hedgehogs foraging in grasslands than for animals foraging in the forest. Moreover, we believe that hair and spines are promising tools in terrestrial wildlife exposure assessment studies of metals and As.
INTRODUCTION
Traditionally, wildlife exposure assessment studies are based on organ analyses, thereby sacrificing animals [1] . To circumvent this problem, a need for a nondestructive approach has increased, especially for mammals [2, 3] . Nondestructive methods involve minimal stress to populations and permit successive biomonitoring of the same populations and individuals [3, 4] . Nondestructive methods also allow investigating pollution in endangered species or threatened populations. While nondestructive methods are regularly used in marine mammals [2] , no such trend exists in terrestrial mammalian ecotoxicology.
The analysis of soil samples may be one way to predict exposure of resident animals to pollutants and has been frequently used in risk assessment studies (e.g., [5, 6] ). Since metal uptake by organisms is strongly dependent on metal bioavailability [7] , relationships between total metal concentrations in animals and soils are not expected to be straightforward. Bioavailability is strongly dependent on physical, chemical, and biological aspects of the soil and differs between metals [7] . Accumulation of pollutants in higher-trophic-level animals, such as insectivores, is even more complex because of secondary poisoning from contaminated prey, possibly resulting in biomagnification [8] . Some authors therefore state that environmental metal analysis of abiotic matrices alone is inadequate for predicting metal exposure of resident animals * To whom correspondence may be addressed (helga.dhave@ua.ac.be).
(e.g., [1] ). Until now, however, only a few studies investigated relationships between metal concentrations in soil and mammalian tissue, mainly because most studies lack sufficient study sites to allow for thorough statistical analyses [9] . Positive correlations were observed between concentrations in soil and rock squirrel liver (Spermophilus variegatus) for Cu and Zn [10] . Soil concentrations of Cd and Pb were positively related to concentrations of these metals in organs of small mammals [1, 9] .
Compared to soil analyses alone, biological sampling provides information on individual exposure levels. Animals may accumulate metals in organs [8] or deposit them in feathers [11] or hair [12] . For some metals, concentrations are often much higher in hair than in internal tissues, while for other metals, hair and internal tissue concentrations are similar [12, 13] . Metal concentrations in human hair have been used traditionally in toxicology studies [14] . However, except for Hg, metal hair analysis has known limited use in mammalian wildlife (e.g., [12, 13] ). Hair sampling is easy and involves minimal stress to an individual [4] . Since hair is a nondestructive matrix, no individuals have to be sacrificed and removed from the population, allowing for monitoring of individual animals across time [4] . Additionally, follow-up of population characteristics, such as mortality and reproduction, is feasible. Nonlethal techniques, such as hair sampling, allow investigating pollution in threatened mammalian species or populations [3, 4] . Positive relationships were found between concentrations in hair, spines, and internal tissues of hedgehogs for most metals and As (D'Havé et al., unpublished data). Spines are modified hairs [15] and thus may have the same potential as hair in assessing endogenous metal concentrations. To our knowledge, spines have not been used in exposure assessment studies. Furthermore, as far as we are aware, this is the first paper reporting concentrations of metals and As in hedgehogs.
The objective of this study was to investigate the use of hair and spines of the European hedgehog (Erinaceus europaeus L.) as nondestructive monitoring tools for metal and As exposure by investigating relationships between concentrations of these elements in hair, spines, and soil. Furthermore, we investigated the effect of habitat on soil concentrations and the effect of distance from the smelter on concentrations in hair, spines, and soils. We expect that concentrations of a number of metals in soil, hair, and spines will increase toward the smelter. We also expect that relationships may exist between concentrations in soil and concentrations in hair and spines from the different study sites for elements where a similar bioavailability exists among the different study areas.
MATERIALS AND METHODS

Study sites and sample collection
Seven study sites were selected along a metal pollution gradient originating from a nonferrous metallurgic factory in Antwerp (Belgium) (Fig. 1) . Pollution in the area around the smelter is high as a consequence of both historical and recent emission of As, Cd, Cu, Pb, and Zn [16] . The study sites consisted of similar habitat, that is, urban park areas where grasslands interfered with patches of deciduous forest: Hoboken, the most contaminated site, at 1 km northeast of the smelter; Wilrijk at 1.5 km northeast of the metallurgic factory; Nachtegalen at 5.5 km northeast of the smelter; Deurne at 10.5 km northeast of the nonferrous industrial plant; Ranst at 15 km northeast of Hoboken; Brasschaat at 16 km northeast of the factory; and Zoersel at 20 km northeast of the smelter.
Hedgehogs (E. europaeus) were located using flashlights (Mag-Lite, Mag Instrument, Ontario, CA, USA) and caught by hand during September and October 2002. Samples were immediately collected from hedgehogs in the field, and animals were subsequently released. All individuals were weighed and tagged with passive integrated transponder (PIT) tags (Micpoint, Houten, The Netherlands) to avoid double sampling. Newly independent young weighing less than 370 g were temporarily marked with paint. Hair and spine samples were collected from each individual with scissors and stored in polypropylene vials at Ϫ20ЊC until analysis.
Soil sampling locations were divided evenly over grassland and forest habitat for each study site, and samples were collected in summer 2003 (n ϭ 10 per site; n ϭ 8 for Deurne). Forest soil samples were standardized collected under the distal part of the longest branches of a tree to control for a possible metal gradient bias under the tree (see [17] ). After removing the humus layer, samples were collected with a stainless shovel in polypropylene containers over 10-cm depth according to Rubio and Ure [18] and 10-cm diameter. The total number of analyzed hair, spine, and soil samples were 83, 82, and 68 (34 grassland and 34 forest soil samples), respectively.
Soil analyses
Soil samples were air-dried at room temperature immediately after collection for approximately one week, sieved through a 2-mm grid sieve, and stored at room temperature in polypropylene vials until digestion. Samples enclosed in Tef- 
Hair and spine analyses
Hair and spine samples were washed with acetone before analyses to remove external contamination with metals and As by shaking samples in polypropylene vials for 5 min on a shaker plate, followed by three Milli-Q water rinses (Millipore, Bedford, MA, USA) [20] . Samples were dried at 60ЊC for 92 h. Samples were first digested at room temperature for 24 h by adding 250 l of 70% HNO 3 and 100 l of 30% H 2 O 2 . In a second step, digestion was completed by heating the samples in a microwave oven (Philips, Brussels, Belgium) [21] . Concentrations of Ag, Al, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn were determined by means of an inductively coupled plasma mass spectrometer (Varian ultra-mass 700). Certified reference material (BCR 397) of the Community Bureau of Reference was used as a quality control. Analyses were accepted when recoveries ranged between 90 and 110% of the certified values. Yttrium was added to three samples and to the reference sample in order to be able to correct for a possible matrix effect.
Statistical analyses
A two-way analysis of variance was used to test for differences in concentrations of metals and As among study sites and habitat, using the Proc Mixed module in SAS [22] . Site, habitat, and the interaction site ϫ habitat were used as independent variables. Differences in hair and spine concentrations among sites were investigated with one-way analysis of variance. Dependent variables were log 10 (x ϩ 1) transformed in order to meet the assumptions of analysis of variance. Normal distribution of the data were investigated through normal probability plots, and the Levene's test was used to test for homogeneity of variances [23] . The degrees of freedom of the fixed effects F test were adjusted for statistical dependence using the Kenward-Rogers method [24] , while variance components were estimated by restricted maximum likelihood [25] . A Tukey multiple comparisons test was used to evaluate differences between sites [22] . Linear regression was used to test for relationships between distance to the metallurgic factory and concentrations of metals and As in soil, hair, and spines and for testing relationships between concentrations of metals and As in soil and in hair and spines [23] . All variables were log 10 (x ϩ 1) transformed in order to meet the assumptions of normally distributed errors. Relationships between metal concentrations in grassland and forest soil were tested using Spearman rank correlations [23] .
RESULTS
Soil concentrations
Soil concentrations differed among some but not all study sites for all metals and As, except for Ni (Table 1) . Soil concentrations of Ag, As, Cu, and Pb at Hoboken, the site next to the smelter, were 25, 11, 10, and 19 times higher, respectively, than the lowest pollution levels measured in the present study. Soil Cd concentrations at Hoboken and Wilrijk, the two sites adjacent to the factory, were 12 times higher than lowest pollution levels measured in Ranst. Furthermore, Ag, As, Cd, Cu, Ni, and Pb decreased significantly with increasing distance from the smelter (Ag: r 2 ϭ 0.78, p Ͻ 0.001; As: r 2 ϭ 0.86, p Ͻ 0.001; Cd: r 2 ϭ 0.84, p Ͻ 0.001; Cu: r 2 ϭ 0.78, p ϭ 0.002; Ni: r 2 ϭ 0.59, p ϭ 0.042; Pb: r 2 ϭ 0.70, p ϭ 0.004).
The significant habitat effects for Al, Cr, and Zn indicated overall higher soil concentrations in grassland than in forest (Table 1 ). For As, forest soil concentrations were higher than grassland soil concentrations. The insignificant habitat and significant site ϫ habitat effect for Ag indicated that no consistent differences existed between grassland and forest soil. Significant habitat and site ϫ habitat effects were observed for Cd, Cu, Mn, and Pb, but no trend was detected for all sites. No habitat or site ϫ habitat effects were found for Co, Fe, and Ni. Significant positive correlations between concentrations in forest and grassland soil were found for all metals and As (r 2 Ͼ 0.82, p Ͻ 0.05), except for Cr.
Hair concentrations
Hair concentrations differed among some but not all study sites for all metals and As, except for Ni (Table 2) . Concentrations of Ag, As, Cd, Cu, and Pb at Hoboken were 79, 59, 108, 2, and 42 times higher, respectively, than lowest pollution levels measured in the present study. Concentrations of Ag, As, Cd, and Pb at Wilrijk were still 72, 16, 42, and 12 times higher than the lowest pollution levels observed in the present study. Furthermore, hair Ag, Cd, and Pb decreased significantly with increasing distance from the factory (Ag: r 2 ϭ 0.83, p Ͻ 0.001; Cd: r 2 ϭ 0.76, p Ͻ 0.001; Pb: r 2 ϭ 0.85, p Ͻ 0.001).
Spine concentrations
Our mixed model analyses indicated that spine concentrations differed among some but certainly not all study sites for all metals and As, except for Cu (Table 3 ). Concentrations of Ag, As, Cd, and Pb at Hoboken were 32, 35, 36, and 20 times higher, respectively, than lowest pollution levels observed in the present study. Concentrations of Ag, As, Cd, and Pb at Wilrijk were still 24, 9, 16, and 12 times higher than the lowest pollution levels measured in the present study. Furthermore, spine Ag, As, Cd, and Pb levels decreased significantly with increasing distance from the factory (Ag: r 2 ϭ 0.80, p Ͻ 0.001; As: r 2 ϭ 0.77, p ϭ 0.009; Cd: r 2 ϭ 0.81, p Ͻ 0.001; Pb: r 2 ϭ 0.89, p Ͻ 0.001).
Relationships between concentrations in soil and in hair and spines
Positive relationships existed between elemental concentrations in soil and in hair as well as in soil and in spines for Ag, As, Cd, and Pb (Table 4 and Table 1 . Metal and As concentrations (mean Ϯ standard error) in grassland, forest, and mixed (ϭ mean of metal concentrations in grassland and forest soil) soils in seven study sites in The Netherlands (see Fig. 1 ) along a metal pollution gradient (g/g dry wt). Means followed by the same letter do not differ significantly from each other (Tukey multiple comparisons 
DISCUSSION
The present study demonstrates that concentrations of metals (Ag, Cd, Pb, and Co) and As in soils can be used to predict concentrations of these elements in hair and spines of hedgehogs and thus, possibly, also in hair and/or spines of other mammals. We are not aware of comparable studies on terrestrial mammals. Yet our observations are in line with earlier studies that investigated the relationship between metal concentrations in internal tissues and soil samples [1, 9, 26] . For instance, Talmage and Walton [1] found positive relationships between total soil concentrations of Cd and Pb and levels in organs of wood mice (Apodemus sylvaticus). Shore [9] used data from a number of independently published studies and observed positive relationships between Cd concentrations in the soil and in the liver and kidney of wood mice, field voles (Microtus agrestis), and common shrews (Sorex araneus). He also demonstrated that Pb concentrations in soils were also correlated with Pb levels in liver and kidney of wood mice and field voles. Sharma and Shupe [26] observed a positive correlation between Cd concentrations in soil and rock squirrel livers but observed no relationships for As or Pb. No relationships were reported between concentrations of As, Cd, Cu, Pb, and Ni in soils and house mouse livers, however [27] . Observed differences among these studies may be explained by marked differences in site bioavailability for these metals [9] or selective species-dependent sequestration of metals in tissues other than those investigated [26] . Differences in route of exposure may also be attributed to the observed discrepancies [9] since diets of the investigated species range from insectivorous to mainly herbivorous. A narrow range of exposure levels has also been suggested to explain the absence of correlations between metal concentrations in soil and tissues in these studies (see Shore [9] ). The present study demonstrates the feasibility to use hair and spines of hedgehogs and possibly other mammals in nondestructive individual exposure assessment. Additionally, individual risk assessments account for variation among age and gender classes, and metal concentrations in hair or spines provide more direct and specific information on exposure compared to soil concentrations alone.
Significant positive relationships between hair and spine and soil metal or As concentrations suggest that similar relationships could exist between metal concentrations in the hedgehog's prey items and soil. Insectivores are exposed to metals mainly through dietary intake, although direct exposure by grooming, burrowing, and ingestion of contaminated soil is also possible [1] . Abdul Rida and Bouché [28] observed significant positive relationships between total concentrations of Mn, Pb, Zn, Cd, and Cu in soils and earthworms from 60 different sites with various physical and chemical properties. Recent publications, however, showed that total soil concentrations are not predictable of bioavailability and accumulation and do not reflect toxicity in earthworms and other oligochaetes (e.g., [29, 30] ). Earthworms are important prey items for hedgehogs [15] ; however, no reports have been made on the relationship between metal concentrations in hair, spines, or internal tissues of hedgehogs and their prey items.
Except for Co, no relationships were observed between concentrations of essential metals in soils and hair or spines. This suggests that essential metal levels in soils cannot be used to predict levels in hair and spines of hedgehogs. Sharma and Shupe [10] observed significant relationships between Cu and Zn levels in soils and rock squirrel livers; however, homeo- Table 3 . Spine metal and As concentrations (mean Ϯ standard error) of hedgehogs from seven study sites in The Netherlands along a metal pollution gradient (g/g dry wt). Means followed by the same letter do not differ significantly from each other (Tukey multiple comparisons test, static mechanisms or regulation may be different among the two species [1] . Among hedgehogs, higher soil concentrations do not necessarily lead to higher hair, spine, or organ concentrations of essential metals. A significant decrease was observed in soil Ag, As, Cd, Cu, Ni, and Pb concentrations with increasing distance from the smelter. Silver, As, Cd, Cu, and Pb concentrations at site Hoboken exceeded the highest international background data for natural soils by five, five, three, three, and seven times, respectively [31] [32] [33] . At Wilrijk, concentrations of Ag, As, Cd, and Pb exceeded the international background data by two, two, two, and three times, respectively [31] [32] [33] . Concentrations of Al, Cr, Fe, Ni, Mn, and Zn were at all sites below the highest background levels (respectively, 10, 0.03, 20, 0.024, 0.3, and 0.1 mg/g dry wt) from a number of international studies [31] [32] [33] . Silver concentrations exceeded international background values (0.6 g/g dry wt) at Hoboken and Wilrijk. Cobalt concentrations exceeded international background levels (4 g/g dry wt) at all sites [33] . Overall, these comparisons show that concentrations of As, Cd, Cu, and Pb are high at Hoboken and Wilrijk and suggest that the observed different soil pollution levels may lead to differential exposure and effects in resident animals, such as hedgehogs.
A significant decrease in concentrations of Ag, Cd, and Pb in hedgehog hair and Ag, As, and Cd in spine samples was indeed observed with increasing distance from the smelter. These observed high hair and spine concentrations for Ag, As, Cd, and Pb in hedgehogs living near the smelter at Hoboken suggest that exposure of hedgehogs to these metals increased toward the smelter. Hedgehogs closest to the smelter may therefore have a higher risk for adverse effects resulting from this contamination. Our results are in accordance with previous studies in the same pollution gradient on excrements of great tit nestlings (Parus major) [11] and organs of wood mice (A. sylvaticus) [34] . However, at the present moment it is unclear how the observed exposure levels relate to risk since no data are available on critical levels for metal and As concentrations in hair or spines in mammals in general and the hedgehog in particular. Another way to predict risk to ecological receptors such as mammals is based on ecological soil screening levels (Eco-SSLs). The Eco-SSLs are soil concentrations that provide adequate protection for a defined ecological receptor and are available for mammalian ground insectivores for Cd, Co, and Pb [6, 35, 36] . Despite the steep decrease in soil Cd levels away from the smelter, the Eco-SSL for Cd for mammalian ground insectivores (0.38 g/g soil dry wt) was exceeded at all study sites with exception of the forest samples at sites Ranst and Zoersel. Lead concentrations exceeded the Eco-SSL for mammalian ground insectivores (59 g/g soil dry wt) at all sites, except Ranst. Hedgehogs at Ranst seem thus not to be at risk for Pb contamination. The Eco-SSL for Co (240 g/g soil dry wt) was not exceeded at any study site, suggesting that hedgehogs are not at risk for Co contamination at any site, although Co levels exceeded international background values at all sites. In a future publication we will discuss relationships between concentrations of metals and As in hair, spines, and internal tissues and thereby provide a tool for predicting concentrations of these elements in internal tissues when levels in hair or spines are available. Predicted internal tissue concentrations of these elements can subsequently be compared with critical levels for these contaminants reported in organs of mammals, and this will provide more direct information on potential risk of metals and As to hedgehogs when used in nondestructive ecotoxicological studies. This study revealed significant differences in metal contamination between upper grassland soil and forest soil layers for all elements, except for Ag, Co, Fe, and Ni. In this study, the observed habitat differences indicated higher concentrations in grassland soils compared to forest soils for a number of metals, and this may influence hedgehog exposure. Hedgehogs favor edge habitat characterized by a transition of shrubs and trees to grasslands [37] but spend most of their nocturnal activity foraging for food in grasslands [38, 39] . Higher concentrations of metals in grassland soils suggest a greater potential for exposure to hedgehogs foraging in grasslands than animals foraging in the forest; however, prey density and availability [39] and prey selection [40] are important key factors that define their foraging behavior. Thus, further research is required to understand the observed contamination levels and associated risk in hedgehogs in relation to their habitat preferences and foraging behavior.
CONCLUSION
The present study demonstrates the feasibility of using hair and spines in nondestructive exposure assessments of metals and As. Our data showed that concentrations of nonessential elements in hair and spines had a positive relationship to concentrations in soils. No such relationships were found for essential metals, except for Co in hair and soil. Variation in soil metal concentrations between different habitats should be considered when investigating metal exposure and risk of animals foraging in different habitat types. Hedgehog exposure increased toward the smelter and was higher for hedgehogs foraging in grasslands than for animals foraging in the forest. Comparisons with Eco-SSLs suggest that hedgehogs were at risk for Cd at all sites, while hedgehogs were at risk for Pb at all sites, except Ranst. Future research will provide more information on the actual risk of metals to the present hedgehog populations. Overall, our results suggest that the hedgehog is a promising biomonitor of metal pollution in terrestrial environments.
